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ABSTRACT: Fluid repellency of a hydrophobic surface has been typically
demonstrated in terms of water sliding angle. A drop shape analysis method with
a written computer algorithm monitoring the image brightness was proposed to
precisely estimate the sliding angle. A hydrophobic surface coated with silanized
silicon dioxide or polytetrafluoroethylene was selected as a known sample for the
method validation. Average pixel brightness in an 8-bit grayscale unit rapidly
increased after a water drop rolled off the surface, thus removing its black pixels.
The resulting sliding angle was then determined as the tilt angle of the sample
stage related to the sliding time at the brightness leap. The optimized angular
speed of the rotor at 0.1 degrees per frame was chosen to avoid an overestimation
of the sliding angle due to the deceleration. The proposed method yielded
accurate sliding angles with an error of less than 0.2 degrees. It was then applied
to study the fluid resistance of commercial face masks including disposable
surgical masks and reusable fabric masks. It was found that the outermost layer of
the single-use surgical masks can moderately repel a water drop with a sliding angle of 49.4 degrees. Meanwhile, the pre-coated fabric
masks retained high protection efficiency at a sliding angle of less than 45 degrees after about 20 wash cycles. In addition, a raw
muslin fabric coated with a commercial water-repellent spray could be a promising and affordable alternative to the surgical mask
during the pandemic with high water repellency even after a few washes. The results suggested that, besides the hydrophobicity
indicated by the typical contact angle, the precise sliding angle estimated by the proposed alternative method could additionally
provide crucial information that might lead to a detailed discussion of the fluid repellency of rough materials.

1. INTRODUCTION

The wettability of a solid material surface has been widely
studied to evaluate its wetting preference for specific liquids,
particularly water and nonpolar oils. Different interactions
between solid and liquid without a chemical reaction could
lead to the drop transformations: the spreading of the liquid
over a surface, the penetration or adsorption into a porous
material, or the repellence of the fluid. Contact angle, defined
as the angle between the liquid−air boundary and the contact
solid surface, is one of the most important factors that was
typically used to indicate the hydrophobicity of the surface.1−3

It is quantitatively estimated within the range from zero to 180
degrees related to the solid baseline, which typically depends
on the surface characteristics such as morphological roughness
and surface energy.4−6

The water contact angle could be very low or close to zero
degrees in the case of a hydrophilic or perfect-wetting surface,
for example, a superhydrophilic titanium dioxide coated on
polycarbonate substrates.7 On the contrary, a superhydropho-
bic material with low surface energy could have a contact angle
higher than 150 degrees such as a poly(tetrafluoroethylene)-

coated material8 or a cotton fabric coated by metal
nanoparticle-incorporated graphene oxide.9 An advanced
material was recently developed with a tunable contact angle,
for example, by fabricating micro-patterns on a stainless steel
sheet10 or by infiltrating a hydrophobic polymer into a one-
dimensional Al/Al2O3 nanostructure.11 However, the contact
angle alone is inadequate and regularly inconsistent for the
evaluation of the water repellency of a material surface. For
example, various types of hydrophobic polymers were reported
with large contact angle difference but with the same sliding
angle.12 In contrast, the hydrophilic silica nanoparticle that was
coated on a stainless steel mesh surface significantly increased
the sliding angle due to the improved surface energy but the
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contact angle was still unchanged.13 Thus, a sliding angle or a
roll-off angle, defined as the angle of inclination of a surface at
which a water drop begins to roll off it,14 was introduced to
additionally describe the water repellency or self-cleaning
ability of a surface.
The water sliding angle has been widely reported along with

the typical water contact angle to indicate the water repellency
and surface hydrophobicity of materials. It has a direct relation
to the contact angle hysteresis, which is related to the
difference between the ascending and receding contact angles
during the drop movement.15 The sliding angle mainly
depends on the surface roughness, the water adhesion or
friction, and the size of the droplet.16−18 Such unique
characteristics of superhydrophobicity,19,20 marine antifoul-
ing,21,22 self-cleaning known as the lotus effect,23,24 and oil/
water separation or chemical-selective permeability25,26 were
previously discussed by using the criteria of both sliding and
contact angles. Recently, critical sliding angles with a novel
super-repellent surface, including a silanized silicon dioxide27

or silica with controlled multi-scaled roughness,28 were
reported at lower than 2 degrees. To develop a hydrophobic
and water-repellent surface, a measurement of the sliding angle
should be used for a reliable and precise experiment.
The old-fashioned measurement of a sliding angle was done

by placing a liquid drop with a certain weight on a sloped plate.
The inclination was increasing with a higher surface angle until
the drop began to roll off it.29,30 The sliding angle could be
estimated by manually selecting the roll-off frame in the entire
recorded video.31 Although this method was uncomplicated
with a simple apparatus, the result could be more reliable and
precise by using an advanced technique. A recent and the most
common automated measurement of sliding angle was
performed by using a commercial drop shape analyzer with
specific image-analysis software.16 The detail of this optical-
based measurement could be found in a user manual, for
example, a technical note by Kruss, Germany.32 Briefly, a
sequence of images was being recorded while the sample base
with a water drop was being rotated. Three-phase points at the
boundary of solid, liquid, and surrounding gas phases were
located at both sides of the drop. The sliding angle was defined
as the angle at which the three-phase points were displaced by
40 pixels or about one millimeter. Monitoring the baseline or
the three-phase point movement, particularly on the surface
with roughness or defects, could be complicated by using a
difficult image-processing algorithm.33 Thus, it might consume
a large computation time or yield high standard deviations of
the sliding angle or even the contact angle. Besides the optical
methods, force-based techniques were introduced to accurately
determine the sliding angle by measuring the friction force
between water drops and various surfaces.34,35 However, an
experimental setup with a small drop holder and a nano-
tribometer with a highly sensitive force sensor could be
somewhat complicated to install and analyze. Herein, to
measure the sliding angle by using a typical optical-based
experiment, a simple and precise automated method with
custom computational algorithms written in MATLAB was
introduced in this work described in the first part. Since the
digital image of a water drop can be analyzed by using pixel-
based image processing, an image brightness of a grayscale
image calculated by averaging the intensity of all pixels was
taken into account. The sliding angle could be estimated at the
time that the dark shadow of the drop suddenly disappeared.
After the proposed method was validated, a fluid repellency of

face masks will be investigated to demonstrate their protection
efficiency.
During the COVID-19 pandemic, wearing a face mask was

recommended by the United States Centers for Disease
Control and Prevention (CDC) and later by the World Health
Organization (WHO) to effectively protect a wearer from
respiratory infections.36−38 However, there was a shortage of
mask supply in the community at the beginning of the
outbreak, and thus surgical masks were strictly reserved for
medical staff. These masks typically consist of three layers
known as three-ply. The outermost layer of these masks was
made of hydrophobic non-woven polypropylene, which was
claimed to be somewhat repellent and protective against
viruses or bacteria carried in fluid droplets.39 One or two dense
layers made of melt-blown polymer were added in the middle
in order to improve filtration capacity. The soft inner layer
directly contacting to facial skin was designed to adsorb
moisture and secretions. In addition, according to the
increasing usage of a surgical mask, its non-reusability has
raised public attention about the microplastic waste that could
be harmful pollution in the environment.40 Therefore, a fabric
mask made of different types of fabrics was used as an
alternative for personal protective equipment with recent
reports of its protection performance.41−44 Commercial fabric
masks are reusable, durable, affordable, and can be made by
oneself, and thus they are still popular among users until now.
In the next section of this work, the proposed and validated
method was then applied to study the fluid repellency mainly
in terms of the sliding angle of commercial surgical and fabric
masks available in a local store. The repellency improvement
by using a hydrophobic coating on the fabric masks and raw
fabrics will be investigated along with the change in their
surface characteristics.

2. MATERIALS AND METHODS

The hydrophobic silanization agent, dichloro(dimethyl)silane
(DDS), and silicon dioxide porous nanoparticles with the size
of 5−15 nm were purchased from Sigma-Aldrich, Singapore. A
commercial hydrophobic micrometer-scale fine powder,
polytetrafluoroethylene (PTFE), was purchased from Hubei
Everflon Polymer Co., China. Adhesive spray number 75 was
obtained from 3 M Co., Ltd. Ethanol was purchased from
QReC, New Zealand, and utilized without any purification.
The typical glass slides (CAT. no. 7105) were purchased from
Sail Brand.
Hydrophobic surfaces were prepared by coating either DDS-

SiO2 or PTFE on a glass slide. An amount of 0.5 g of silicon
dioxide nanoparticle was added into 20 mL of 2.5% v/v of
DDS in ethanol solution. Meanwhile, a suspension with 1% w/
v of PTFE in ethanol was prepared by adding 0.5 g of PTFE
powder into 50 mL of absolute ethanol and magnetically
stirred for 10 min. The adhesive was sprayed on a glass slide
for a few seconds with a spraying distance of about 20−30 cm.
The glass slide was quickly dipped in the prepared solutions
and was dried in air for a few minutes. These coating steps of
glue and particles were defined as one cycle of preparation.
The ferroconcrete-like structured coating was fabricated by 10
cycles of preparation. The silanized SiO2 nanoparticles were
identified by using Fourier transform infrared spectroscopy
(2000 FTIR, Perkin Elmer).
Typical disposable surgical masks regularly used by medical

staff were collected from the Department of Nursing, Burapha
University, and Burapha University Hospital, Thailand. They
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were made of a melt-blown polypropylene layer placed
between an outermost colored water-repellent non-woven
fabric and an innermost white non-woven fabric. Their
protection performance has met the national standard TISI
2424-2562 as a single-use medical grade. Reusable fabric masks
as an alternative during the shortage of the surgical mask were
purchased from a local store. These can be made of different
kinds of fabric textiles, for example, cotton, hemp, muslin, salu,
synthetic, or linen. Salu and muslin fabrics were made of
loosely woven cotton fabric to decrease the thickness and
improve air permeability. Water-repellent sprays, which might
be useful to improve the hydrophobicity of the fabric masks,
were purchased from an online store and were applied to the
fabric masks following the given instruction. The surface
morphology of the raw fabric samples was observed by using
scanning electron microscopy (1450 VP SEM, LEO).
Contact angle and sliding angle of the coated glass slide were

measured by a video-imaging of a water droplet placed on the
surface. Since the sliding angle depends on gravity, the volume
of the drop was varied from 10 to 30 μL not only to verify the
size effect but also to study the accuracy of the proposed
method. A drop shape analyzer DSA-30 (Kruss, Germany)
controlled by DSA-4 software was used in this work. A tilting
stage PA4240 was installed at the sample base. The camera
Stingray F046B IRF was operated at a camera framerate of 25
Hz and a camera angle of about 0.5 degrees related to the
sample plane. It was not attached to the rotor so the image
plane will not rotate along with the stage. The pixel size of the
recorded image was 24.4 μm per pixel. The contact angle was
calculated by correlating the tangent line of the drop circle and
the surface baseline. To estimate the sliding angle, the sample
was rotated from zero to 90 degrees with the rotor step sizes of
0.1 and 0.5 degrees per frame and total video recording times
of about 36 and 7.2 s, respectively. The instrument rotor speed
was validated at various units per second and different tilting
angle ranges, resulting in the tilting speed of 1.59 degrees per
unit.
To study the durability of the mask samples, selected fabric

masks and coated raw fabrics will be washed by using a regular
washing powder purchased from a local store. The solution was
prepared by dissolving 1.27 g of the washing powder in 1.5 L of
water as recommended by the manufacturer. The fabric was
stirred in the solution for 20 min and dried in air. The sliding
angle was measured after each wash cycle until the fabric
cannot repel a water drop and adsorbed it into the surface. The
sliding angle was reported by measuring water drop with a
volume of 30 μL, which was in the limited range of a typical
camera used in this work. The water repellency of the selected
volume could provide a protection performance of the masks
against expiratory droplets following recent studies using tens
of microliters of a water drop on the facial masks coated with,
for example, carbon nanotubes,33 graphene,45 or metal
oxides.46

3. RESULTS AND DISCUSSION

3.1. Proposed Method to Estimate the Sliding Angle
of a Hydrophobic Surface. An experimental procedure with
written computational algorithms was proposed in this work to
precisely measure the sliding angle of a hydrophobic material
with a rough surface. The schematic illustration with a series of
video images taken by a drop shape analyzer and a
computational calculation step is shown in Figure 1. First,
the image brightness was monitored to indicate the sliding

time that the water drop rapidly moved out of the surface. The
roll-off frame will be pointed out with a rapid change of the
image brightness due to the sudden depletion of the dark area
that belonged to the water drop. The rotational angle of the
sample surface tilted from zero to 90 degrees was then
determined by the tangent method of the current surface
baseline related to the original position. It was expressed by a
linear relationship between the tilt angle and the acquisition
time with an angular speed of the rotor as a slope. Finally, the
sliding time was plugged into the linear expression, resulting in
a precise sliding angle of the surface. These simple calculations
could yield such a reliable numerical degree that shows the
water repellency of the materials.
A water drop was placed on a glass slide coated by silanized

silicon dioxide nanoparticles (DDS-SiO2), which appeared to
be a non-transparent surface. The water drop was video
imaged while the sample stage was being rotated clockwise
from zero to 90 degrees. A drop shape video with a drop
volume of 20 μL will be discussed as an example result (see the
Movie S1 in the Supporting Information). An angular speed of
0.1 degrees per frame and a camera framerate of 25 Hz were
adjusted. The first frame and the consecutive roll-off images
are shown in Figure 2a−c. The initial contact angle was 131.2
degrees indicating the hydrophobicity of the surface. It was
found that the water drop was sliding off the surface as seen in
the movie from frame number 39 to frame number 44,
suggesting a sliding time (tS) roughly determined between 1.52
and 1.72 s. The roll-off speed of the water drop was estimated
at 43.8 mm/s. However, it could be impractical to manually
search for the roll-off image in the entire video.
The image pixel was recorded in an 8-bit grayscale of which

the complete black and white colors were assigned by 0 and
255, respectively, and the shade of gray was in between. An
average of this color code over the entire pixels of an image
could be considered as the average pixel brightness (B). The
material surface and the water drop were imaged in black color
with the white background from an illumination. While the
sample stage was being rotated, a part of the black area of the
surface shadow either appeared in the image or moved out of
the frame. This caused a slight change in the average pixel
brightness during the rotation as shown in Figure 2d.
After the water drop rolled off the surface, its dark area was

suddenly removed and replaced by a white background. Thus,
the average pixel brightness sharply increased by about 10 units
in grayscale per pixel. The rapid change can be detected by
calculating the differentiation of the brightness (B′) as shown
in the solid green line. The corresponding peak is located at

Figure 1. Schematic illustration of the proposed sliding angle
measurement by using the drop shape analyzer and computational
calculations.
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the brightness leap with the sliding time (tS) of 1.68 s. Thus, it
was found that the written computational algorithms could be
useful to automatically estimate the roll-off image by searching
for the sudden brightness change in the entire video.
The pixel composition of the grayscale video image as seen

above can be divided into two different colors. The water drop
and the material surface were in black, while the illuminated
background was in white. Thus, there was a boundary between
these colors, which can be extracted by using a partial area
effect technique, which is an image-processing function written
in MATLAB available online.47 The image contrast was pre-
adjusted in order to improve the color difference at the
boundary. The resulting boundary lines are shown in Figure 3a
in different colors with an interval of 30 frames to present a

clear and distinguishable illustration. The surface was
seemingly flat due to a somewhat uniform coating. The
surface boundary was then cropped at 100 pixels along both
axes as shown in the solid black line on the left. The angular
speed of the rotor and the tilt angle will be calculated from
these straight lines.
Each set of data points of the single cropped boundary line

was fitted to a linear equation, resulting the slope of the
original baseline in the first frame (m0) and the slope of frame
number i (mi). The tilt angle (θT) was calculated by using the
tangent method following an equation, θT(i) = tan−1[(mi −

m0)/(1 + mi·m0)]. To standardize the angular speed of the
rotor used in this work, the resulting θT(i) and the successive
timestep (ti) were fitted to a linear equation as shown in Figure

Figure 2. (a−c) Video images of a water drop on a glass slide coated with DDS-SiO2 the corresponding boundary line shown in the inset. Each tick
mark represents 100 pixels. (d) The average pixel brightness (B) is plotted against time with its differentiation (B′).

Figure 3. (a) The boundary line between the white and black areas of each video image is shown with an interval of 30 frames. The solid black lines
are the boundary segments within the first 100 pixels. (b) A linear relationship of the tilt angle (θT) with the acquisition timestep (t) yielded a
sliding angle (θS) of 3.6 degrees.
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3b. The standard curve yielded a linear relationship, θT = 2.56·t
− 0.76, with R2 = 0.9998. The linearity is clearly shown the
smooth and consistent rotation. An angular speed of the rotor
of 2.56 degrees per second at a camera framerate of 25 Hz can
be converted to a rotation resolution of 0.1 degrees per frame.
To decrease an error in the calculations due to the latency of

the device, the camera will be synchronized with the rotor by
determining the lagged time of the rotor at the beginning and
the extended period of the imaging. The lagged time (tlag) of
0.29 s was calculated from the standard curve, indicating a slow
start of the rotation after the camera imaging. The image
brightness remained steady after the end time of 35.88 s as
shown in Figure S1 in the Supporting Information. This was
caused by the waiting period of the camera to ensure that the
rotation was complete. Thus, the images taken before tlag and
after tF will be neglected in the calculations to avoid latency,
resulting in precise measurement and a corrected sliding angle.
The sliding time of 1.68 s calculated by monitoring the

image brightness as described above was plugged into the
linear equation of the standard curve. This yielded a sliding
angle (θS) of 3.6 degrees. Although it can be compared to the
tilt angle of 3.68 degrees at the roll-off frame, the calculated
sliding angle was more reliable due to the correction by using
the standard curve of the rotation explained above. These
results showed that the proposed experimental method and the
written computational scripts for a straightforward data
analysis could be useful to precisely measure the sliding
angle of a material surface.
3.2. Sliding Angle Measurements of a Superhydro-

phobic Surface, Effect of Water Drop Volume, and
Angular Speed Optimization. The proposed measurement
was used to study the effect of the water drop volume on the
sliding angle. The drop volume was varied from 10 to 30 μL, in
which a larger drop was expected to slide off the surface easier
due to gravity. The resulting sliding angles of a glass slide
coated with silanized silicon dioxide nanoparticles (DDS-SiO2)
and polytetrafluoroethylene (PTFE) are shown in Table 1. It

was found that the size of the water drop had a significant
effect on the sliding angle as expected. The sliding angles were
decreasing for a water drop with a larger volume obviously due
to more weight from the gravity pushing the drop to slide off
the surface. This result could suggest that a sliding angle
should be reported along with the size of the water drop.
To optimize a rotation resolution, an angular speed (Φ) of

0.1 and 0.5 degrees per second was performed with a total

video length of about 36 and 7.2 s, respectively. The slower
speed could allow the camera to capture the roll-off events in
detail. The results showed a significant difference with lower
sliding angles by using the slower angular speed at the same
drop volume. The slower stage rotation could finely detect the
starting point of a water drop motion before rolling off the
surface. In the meantime, the faster speed might add a
significant centrifugal force to the drop that decelerates the
roll-off movement, resulting in an overestimation of the sliding
angle. In addition, inconsistency of the sliding angle measured
by using the faster angular speed was observed at the
increasing volumes. Therefore, the measurement with an
angular speed of 0.1 degrees per second could yield a reliable
sliding angle with a somewhat acceptable recording time. The
latter sliding angle measurements in this work will be
performed by using this angular speed to enhance the accuracy.
The water repellency and hydrophobicity of each layer of the

superhydrophobic coating were studied by using the proposed
method. The resulting sliding angle with a water drop volume
of 30 μL and the corresponding contact angle at an early time
before an expansion or adsorption of the water drop are shown
in Table 2. A pristine glass slide hardly repelled a water drop

with a sliding angle of 73.5 degrees, and its low hydrophobicity
is shown with the starting contact angle of 67.6 degrees. A
commercial adhesive spray that was coated on a slide could not
repel a water drop in the observed rotation range up to 90
degrees, and thus the sliding angle was reported at higher than
90 degrees. Although the contact angle increased to 76.8
degrees indicating higher hydrophobicity, the water drop was
still attached to the polymer glue by a strong adhesive force.
The hydrophobic silanization agent alone could functionalize
the silicate surface with a water-repellent silane group, which
reduced the sliding angle to 15.5 degrees and increased the
contact angle to 89.0 degrees. Without the silanization agent, a
glass slide coated with the adhesive spray and the silicon
dioxide nanoparticle could not repel a water drop. In addition,
it quickly adsorbed the drop to the porous surface in a few
seconds due to the strong hydrophilicity. Thus, the sliding
angle could not be measured without the water droplets left on
the surface and the contact angle was reasonably reported at
zero degrees.
The hydrophobicity of the silanized silicon dioxide nano-

particle (DDS-SiO2) mixed with the adhesive spray could be
enhanced by the chemical and physical water repulsion of the
silane groups and the roughness of the nanoparticle coating.
The FTIR spectra of the pristine SiO2, hydrophobic DDS-
SiO2, and the adhesive are shown in Figure S2. The main
component of the adhesive spray is a polymer with long chains
of hydrocarbons. The spectra of the SiO2 and DDS-SiO2

shown similar peaks at about 3360 and 1050 cm−1, which
are attributed to the silanol groups and the Si−O−Si

Table 1. Sliding Angle of a Glass Slide Coated with DDS-
SiO2 or PTFE with Distinct Water Drop Volumes and
Different Angular Speeds of the Rotor (Φ)

θS (°)

coating material water drop volume (μL) Φ = 0.1 °/s Φ = 0.5 °/s

DDS-SiO2 10 6.2 ± 0.9 6.3 ± 1.0

15 5.9 ± 0.9 6.5 ± 0.7

20 4.4 ± 0.6 4.6 ± 0.4

25 4.3 ± 0.5 6.1 ± 1.0

30 3.7 ± 0.5 5.4 ± 1.7

PTFE 10 23.0 ± 1.9 24.2 ± 2.4

15 17.3 ± 0.9 18.9 ± 1.0

20 12.1 ± 1.5 13.2 ± 1.3

25 9.1 ± 0.7 11.2 ± 0.4

30 9.0 ± 0.4 11.0 ± 0.4

Table 2. Sliding Angle and Contact Angle of a Hydrophobic
Glass Slide Coated with a Mixture of Silanized Silicon
Dioxide and an Adhesive and Its Individual Compositions

coating material θS (°) θC (°)

DDS-SiO2 + adhesive 3.7 140.0

SiO2 + adhesive - 0.0

DDS 15.5 89.0

adhesive >90.0 76.8

pristine glass slide 73.5 67.6
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structure.48,49 The silanization of SiO2 nanoparticles by DDS
yielded C−H stretching and C−H bending at 2958 and 1263
cm−1, respectively, which belonged to the methyl group of
DDS. The functionalization with non-polar groups could
increase the hydrophobicity of SiO2 nanoparticles. The sliding
angle was estimated at 3.7 degrees, indicating the super-
hydrophobicity of the surface. Whereas the corresponding
contact angle drastically increased to 140.0 degrees. The rough
structures obtained from SiO2 nanoparticles and the low
surface energy of DDS played an important role in the
enhancement of the water repellency of the glass slide. The
superhydrophobic results agreed well with a previous report
that shown the ferroconcrete-like structure of the silanized
SiO2 with adhesive.27 Thus, the proposed sliding angle
measurement could be practical for a study of the water
repellency in a broad range including superhydrophobic
materials.
3.3. Determination of Fluid Repellency of Commer-

cial Face Masks. The proposed sliding angle measurement
was well-validated and thus applied to study the water
repellency of commercial face masks including surgical and
fabric masks. Since the virus outbreak worldwide, there was a
shortage of surgical masks in the early days of the pandemic.
Thus, a fabric mask made of different kinds of textiles was an
alternative and is still popular as of yet. The face masks made
of clothes are affordable, reusable, washable, and normally
designed in an up-to-date style. The study of the water
repellency mimicking the ability to resist a secretion droplet
containing an infectious disease could be useful to indicate the
efficiency of the face masks that are available in the market.
Surgical masks (SM), which are normally worn by medical

staff, were collected from a local healthcare unit. Among six

different SM samples (denoted by SM1 to SM5), the SM5 was
selected to represent the sliding angle measurement of the
outmost layer as shown in Figure 4. Since the mask was made
of a synthetic fiber, an additional experimental setup was
introduced to deal with a rough and hairy surface. The rough
baseline could be hardly fitted to a linear equation, causing a
deviation in the standard curve calculation described above.
Thus, a bare flat glass slide was placed on the side of the image
without being covered by the mask sample, which follows an
experimental approach reported previously.50 This resulted in a
straight rotated baseline as a part of the boundary lines as
shown in Figure S3b. The corresponding tilt angle was
perfectly fitted to a linear equation against the acquisition time,
yielding an angular speed of 2.39 degrees per second. This
additional method in the imaging could improve the accuracy
of the sliding angle measurement of a rough surface.
The water drop with a volume of 30 μL, placed on the

outermost layer of the SM5 sample, rapidly rolled off the
surface as shown in frame numbers 438 and 439 in Figure 4b,c.
The entire movie is shown in Movie S2 in the Supporting
Information. The roll-off speed of the water drop was also
estimated at about 109.8 mm/s, which is higher than that of
the DDS-SiO2 due to the larger sliding angle affected by a
higher amount of the angle sine multiplied by gravitational
force. The tS of 17.52 s corresponding to frame number 439
was detected at the highest peak of the differentiation of the
image brightness as shown in Figure 4d. This peak only
appeared in a positive value, indicating a permanent removal of
the black area of the rolling-off water drop. The resulting
sliding angle of 41.0 degrees was then calculated by plugging
the tS into the fitted linear equation of the stage rotation as
described above. This showed a moderate water repellency of a

Figure 4. (a−c) Video image of a water drop on a surgical mask sample (SM5). (d) The average pixel brightness (B) plotted against time with its
differentiation (B′).
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surgical mask that could effectively protect the wearer from a
respiratory droplet containing a contagious disease.
Additionally, three small peaks marked in orange color were

observed in a shorter time in between approximately 6 to 14 s.
In contrast to the highest peak, these waveform-like peaks
showed such an equal value of both positive and negative sides.
Their unique characteristics could refer to a slight shaking or a
slide-and-stop movement of the water drop (see Figure S3) as
shown in frame numbers 182, 295, and 340. This movement
initially turned the black area of the drop to grayish or brighter
and then changed it back to the original color or darker. This
caused the shape of the peak that the B′ increased with a
slightly brightened image area and then inversely decreased
due to the dimmed image. The tiny movements were
surprisingly noticed by a simple method monitoring the
image brightness. It can be further studied on the distance of
each jump and the hindrance that stopped the complete
rolling-off movement.
The accuracy of the sliding angle measurements proposed in

this work was then discussed. The rotor step size of 0.1 degrees
per frame used in this work was used to determine an error
that occurred in both roll-off speeds. For the slower speed of
the water drop on the DDS-SiO2 surface, the drop movement
started at frame number 41, whereas the image with the
sudden change of the brightness was observed at frame number
43. This late estimation could yield an error of the measured
sliding angle of 0.2 degrees. For the SM5 surface with a faster
roll-off speed, the discrepancy of the sliding angle between the
starting point and the estimated time was about 0.1 degrees.
Thus, the proposed simple and rapid measurement of the
sliding angle in this work was validated with an acceptable
error of less than 0.2 degrees.
Face masks were purchased and collected including a

surgical mask that was normally used by medical staff in a local
healthcare unit and a fabric mask (FM) available in a local
store. The sliding angle of each face mask sample with a
standard deviation of the repeated measurements at 10
different sampled areas is shown in Figure 5. The

corresponding contact angles are shown in Figure S4. Six
different products of the surgical mask showed a moderate
sliding angle of their outermost layer of 49.4 degrees on
average. The SM4 was preferable with the lowest sliding angle
although the contact angle of the group was indistinguishable
at about 120 degrees on average. The results suggested that the

SMs could effectively protect a wearer from infectious diseases
via droplet transmission when the masks are worn properly.
Alternatively, regular face masks made of salu, muslin,

cotton, and polyester fabrics were purchased from a local
market as denoted by FM1 to FM4. The results showed that
the FM1 and FM2 could not repel a water drop with no
evaluated sliding angle. It was plotted at 90 degrees or higher
with no water repellency to avoid confusion with the sliding
angle of zero degrees, which indicates the highest water
repellency. The water drop did not roll off the surface but was
quickly adsorbed into the materials, yielding a contact angle of
zero degrees. The superhydrophilicity might be due to the
porosity of the fabrics. Meanwhile, the FM3 could hardly repel
a water drop with a sliding angle of 70.2 degrees even though
the contact angle of 120.7 degrees showed a robust
hydrophobicity similar to those of the SMs. This might be
caused by a strong water adhesion of the tightly woven
cellulose fibers. The sliding angle of the FM4 was estimated at
59.7 degrees, showing the lowest in the group as expected.
Unfortunately, the low air-permeability of the synthetic
polyester likely made a wearer hard to breathe, and thus this
type of fabric was not popular among users.
Water-repellent fabric masks (denoted by FM5 to FM7)

were pre-coated with secret commercial repellent agents by the
manufacturer. These were the most popular fabric mask due to
the advertised protection efficiency even though they cost up
to seven times more than the regulars. However, the average
sliding angle of 18.5 degrees showed an outstanding water
repellency as advertised. The sliding angle was significantly
lower than those of surgical masks, but the contact angle was
not different between these groups. Thus, the results suggested
that the accurate sliding angle could provide such crucial
information of the fluid repellency, which presents an efficiency
of the face masks.
Raw and non-tailored fabrics including salu, muslin, and

cotton (denoted by RF1 to RF3) had a strong water adhesion
due to the hydrophilic cellulose fibers, and thus a water drop
will not slide off the surface. The sliding angle was reported at
90 degrees showing no water repellent properties of these
fabrics. Their contact angle was zero degrees due to the rapid
adsorption indicating the perfect wetting, except the RF3 with
a contact angle of 99.0 degrees. It can hold a water drop for a
few seconds before the penetration likely due to the densely
woven cotton fabric.
The raw fabrics were coated with a water-repellent spray to

improve the water repellency of the materials. Two different
water-repellent sprays were denoted by the suffixes −1 and −2
as shown in the plot. The sliding angle was drastically
decreased to 22.2 degrees on average, which is similar to the
pre-coated fabric masks. An average contact angle of 131.1
degrees was determined. Microscopic images by using a
scanning electron microscope are shown in Figure 6. The
pristine raw fabric showed a smooth surface of the fibers in a
thread. The roughness of each single cellulose fiber was clearly
observed after the spray coating, resulting in an improvement
of the water repellency. The thickness and thread density of
the fabrics analyzed from the SEM images are shown in Table
S2. The RF3 was made of thick cotton fiber with an average
diameter of 16.9 μm, which was woven into a thick and dense
fabric with a thickness of 0.18 mm and a thread density of
100.0 percent with no visible cavity. On the other hand, the
RF2 and RF1 were loosely woven with a thread density of 89.1
and 67.2 percent, respectively. The water-repellent spray

Figure 5. Sliding angle of face mask samples including surgical masks
(SMs), fabric masks (FMs), raw fabrics (RFs), and the raw fabric
coated by water-repellent sprays (−1 and −2).
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tended to attach to a dense fabric with a lower cavity, and thus
the RF3 yielded the highest water repellency. However, the
sliding angle of the washable fabric masks and coated raw
fabrics should be measured after each wash cycle to determine
the durability of the masks.
The sliding angle of the washable fabric masks and

hydrophobic-coated raw fabrics measured after each wash
cycle is shown in Figure 7. Only samples that maintained the

water repellent characteristic after one wash cycle are shown in
the plot. Among the reusable samples, the group of pre-coated
fabric masks lasted the longest. The FM7 retained the sliding
angle of less than 45 degrees even after 20 wash cycles, similar
to those of the surgical masks. This robustness was superior as
advertised due to their advanced coating agent and

experienced finishing technique in the industry. The FM5
could be another promising candidate with high water
repellency after about 15 wash cycles.
The raw fabrics made of salu and muslin coated with the

water-repellent spray number 2 (RF1-2 and RF2-2) can hold a
sliding angle lower than 60 degrees after about 3−4 wash
cycles. The coating could be easily washed out of the densely
woven cotton fabric because it accumulated only on the top
layer of the surface. The washing detergent could easily
penetrate into a loose salu fabric, washing the coating agent off
the thread. This result suggested that the raw fabric made of
muslin could be cut and sewed into a fabric face mask and
coated by a water-repellent spray to improve the repellency.
The coating can be repeatedly sprayed on the outermost layer
of the fabric mask after a few uses. The coated fabric mask was
significantly water-repellent, affordable, reusable, washable,
durable, and eco-friendly, and thus it could be a feasible
alternative to a surgical mask during the pandemic. More
importantly, the precise sliding angle measured by a simple
method with written image-analysis scripts has presented
important information on the fluid repellency along with the
typical contact angle of the materials. In addition, the method
involving an image brightness could be further applied to study
the sliding distance, the rolling-off speed, and the contact angle
hysteresis to provide a better understanding of water repellent
dynamics by using a simple technique.

4. CONCLUSIONS

The water sliding angle of a hydrophobic surface was measured
by the proposed experimental drop shape analysis with custom
computational algorithms. A consecutive video image was
being recorded while the sample stage was rotated to 90

Figure 6. SEM images of non-coated and hydrophobic-coated raw fabrics: RF1-2 (a, b), RF2-2 (c, d), and RF3-2 (e, f). The same scale bar of each
image set is presented in the first group.

Figure 7. Sliding angle measured after each wash cycle of the face
masks and coated raw fabrics.
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degrees. The image brightness averaging over an 8-bit grayscale
of each pixel was monitored to locate a sliding time with a
sudden increase of the brightness due to the depletion of the
dark pixels of the drop. The tilt angle of the rotating stage was
calculated by the tangent method related to the original
baseline, which was in a linear relationship with the acquisition
time. The water sliding angle defined by the tilt angle at the
sliding time was then precisely estimated via the standard
curve. It was found that an error of the resulting sliding angles
was less than 0.2 degrees. Moreover, a slight drop movement
including an immobilized shaking and a short-distance slipping
was detected. It was then neglected in the calculations to avoid
an underestimate of the sliding angle. In addition, an error
caused by the latency of the operating devices was suppressed
by neglecting an excessive recording at the lagged time of the
rotor and the waiting period of the camera.
An effect of the water drop volume on the sliding angle was

studied by using a superhydrophobic glass slide coated by
either silanized silicon dioxide or polytetrafluoroethylene. The
results showed that the sliding angle decreased with a larger
drop due to the gravity as expected, and thus a volume of 30
μL was used in the following experiments. An angular speed of
the rotor at 0.1 and 0.5 degrees per second was performed to
optimize the rotation resolution. The slower speed allowed the
camera to timely detect the starting point of a water drop
motion before sliding off the surface, avoiding an over-
estimation of the sliding angle due to the retardation.
The fluid repellency of face masks including surgical masks,

fabric masks, and raw fabric was determined by using the
proposed method. It was found that the sampled surgical
masks showed a moderate sliding angle of their outermost
layer of 49.4 degrees on average, while the pre-coated fabric
masks exhibited such outstanding efficiency with a sliding angle
of 18.5 degrees. The pricey commercial hydrophobic fabric
masks maintained high water repellency after about 20 wash
cycles as advertised. However, a washable self-coated muslin
fabric could be a promising alternative to the surgical mask
during the pandemic due to its useful fluid repellency after a
couple of wash cycles. It was affordable, reusable, durable, eco-
friendly, and also breathable due to the loose weave. The
resulting precise sliding angle measured in this work brought a
thorough discussion on the fluid repellency of different
materials, which could not be differentiated by solely
considering the typical contact angle. The proposed
straightforward analysis method could be an alternative
measurement of the sliding angle with fast and reliable
calculations compared to conventional optical-based methods.
Thus, it could be used for image processing obtained by a
simple imaging apparatus such as a typical digital camcorder or
even a cellphone camera to have a better understanding of the
water repellency of materials.
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